Introduction
Flow injection analysis (FIA) is a useful continuous flow technique for chemical analysis. It is well known that FIA provides various advantages apart from very good analytical performance (i.e., high reproducibility and sensitivity), such as fast or high throughput analysis, high degrees of automation, robust, versatile and low-cost, since it can be assembled from simple available devices. 1 However, conventional FIA consumes large volumes of reagent due to its continuous-flow nature. Its second-generation, sequential injection analysis (SIA), which operates under computer-controlled programmable non-continuous flow can solve this problem, but with a reduction in the sampling frequency, and a more complicated instrument used. 2 Another approach to reduce chemical consumption (and hence generate less waste solution) is by miniaturization, or down scaling, the FIA system to micrometer width with a depth flow channel, employing microfluidic or lab based on chip technology. [3] [4] [5] [6] This technology has been advancing at a very fast rate during this decade, since it has been applied in various fields of chemistry, biochemistry and medicine. The fabrication of a microfluidic platform can be done on plastic materials by a soft lithographic or hot embossing technique at a cheaper cost, and by using a simpler fabrication process than the former conventional photolithographic micromachining technique, which usually uses silicon or glass as a material for chip fabrication. 7, 8 Recently, soft lithography is the most popular fabricating technique because it is cheaper, easier and faster to produce a microfluidic platform on polydimethylsiloxane (PDMS). [6] [7] [8] [9] [10] [11] The fabrication process consists of two main steps: master mold building and the replication of a PDMS chip from a master mold. There are different ways to construct a master mold, e.g., by patterning dense photoresist meterials on a silicon substrate, 12 etching into a silicon or glass substrate using conventional micromachining processes, 13 the patterning of a UV-cured epoxy resin on a brass block, 14 precision milling the pattern into an aluminium alloy substrate, 15 direct printing of the pattern on a transparency with a laser printer 16 and etching into a photosensitized printed circuit board (PCB) using conventional printed-circuit technology.
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Master mold fabrication usually involves complicated processes, expensive instruments, hazardous chemicals and high-quality clean-room facilities, and it takes long time to obtain the mold. [7] [8] [9] In this work, we used the normal PCB, which is readily available for making an electronic circuit board as a material for fabricating of a master mold. A simple photolithographic method using a dry film photoresist was employed for the patterning of microfluidic channel structures on the PCB, so there was no need to use a sophisticated instrument for fabrication. A copper layer on the PCB was removed so as to produce a mold with a discrete and well-controlled height defined by the copper layer thickness. This fabrication process does not require any special instruments, special clean room or the use of hazardous chemicals, and it takes a short time to obtain the mold. The PCB master mold could be repeatedly used for the fabrication of a several PDMS microfluidic channel. The PDMS channel was then assembled with two polymethylmethacrylate (PMMA) blocks to form a micro flow injection analysis platform. A simple and small size colorimeter based on a light-emitting diode (LED) and a light-dependent resistor (LDR) was also fabricated and attached to the platform A simple and inexpensive method for fabricating a microfluidic platform was developed. A printed circuit board (PCB) was used to make a master mold for replicating a polydimethylsiloxane (PDMS) microchannel. The master mold was fabricated by a simple photolithographic method, employing a photoresist dry film. The process did not use hazardous chemicals, a clean room or any expensive instrument. The PDMS microchannel was clamped with polymethylmethacrylate (PMMA) plates, where a light emitting diode (LED) as a light source and a light dependent resistor (LDR) as a light sensor were attached to form a simple optical sensor. The system was successfully employed as a micro flow injection analysis for the determination of glutathione in dietary supplement samples. 
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to be used as a simple optical detector instead of a spectrophotometer. 3 The developed compact micro FIA set up was successfully applied to the determination of glutathione (GSH) in supplement samples, using Ellman's reagent to form a product that would have maximum absorption at 412 nm. 17 GSH is an important antioxidant in the cells of both plants and animals. It helps to protect cells from reactive oxygen species, such as free radicals and peroxides. Although it can be synthesized by the cells, these days commercially supplements for GSH are widely popular. GSH could be determined by different techniques, such as chromatography, 18 colorimetry 19 and fluorometry. 17 The developed system is a greener analytical system because it was fabricated by using a simple and non-hazardous technique, and it provides fast analysis with low consumption of the chemicals and low waste production.
Experimental

Reagents and chemicals
All chemical used were of analytical grade, and deionization water (DI water, Milli-Q, Millipore, Sweden) was used for the preparation of all solutions. A glutathione (GSH) stock solution (1000 mg L -1 ) was prepared by dissolving 0.0250 g of GSH (Sigma-Aldrich, Japan) in 25.00 mL of water. Working solutions of GSH were freshly prepared by appropriate diluting the stock solution with water. A DTNB (5,5′-dithiobis-(2-nitrobenzoic acid)) solution (2 mM) was prepared by diluting 2.50 mL of 20 mM DTNB (Sigma-Aldrich, Switzerland) with water, and adjusting volume to 25.00 mL in a volumetric flask.
A phosphate buffer solution (PBS) (100 mM, pH 7.0) was prepare by dissolving 9.5166 g of H2NaPO4·2H2O (Merck, Germany) and 6.9416 g of Na2HPO4·2H2O (Merck, Germany) in water, and adjusting to pH 7.0 by carefully adding a 0.1 M NaOH (Merck, Germany) solution. The solution was then made up to the mark in a 1000-mL volumetric flask with water.
Master mold fabrication
The completed procedure used in microfluidic platform fabrication is illustrated in Fig. 1 . The printed circuit board (PCB) (4 oz Cu, NP Industrial Supply Co., Ltd., Thailand) substrate was used to rapidly and inexpensively produce master molds using a simple photolithographic method. The photomask pattern was designed using graphic computer software (Microsoft Office Visio 2007), and transferred to a transparency slide using a laser printer. A pattern of a microchannel on the mask was represented by a 350-μm wide black line. The surface of PCB was cleaned with a surfactant and DI water, and then dried with air from a hair dryer. Dry film (DFX photopolymer resist film, Kolon Industries, Inc., Korea) was carefully attached to the PCB, and heated with a flat iron through a thick cloth to remove any bubbles. The photomask was placed on the PCB, and they were then exposed to illumination (Superlux 100W, Philips, Indonesia) for 20 min to transfer the pattern onto the PCB. Following exposure, the PCB was immersed for 60 s under gentle agitation in a developer solution (1% w/v Na2CO3). Next, the PCB was transferred to a plastic tank containing an etching solution (10% w/v FeCl3) to etch away the exposed copper foil, and leave out the microfluidic pattern that was under the photoresist polymer film. After the etching process was completed, the remaining photoresist on the copper line was removed by cleaning the PCB surface with acetone. The PCB master mold was utilized to produce a PDMS microchannel; the depth of the channel was defined by the thickness of the copper layer on the PCB (~120 μm). The fabrication technique described here is simple, with no need of a spin coating instrument for applying the photoresist film, and the use of non-hazardous chemicals is possible.
Microfluidic platform fabrication
The PCB master mold was used to cast replicas of the microfluidic platform in poly(dimethylsilioxane) (PDMS) (Sylgard 184 Dow Corning, USA). The polymer base and the curing agent were measured in a 10:1 ratio by weight, mixed and degassed under a vacuum to remove any bubbles for 30 min; after that, the PDMS mixture was poured onto the PCB master mold, and cured for 1 h at 70 C in an oven. Then, the PDMS was peeled off the PCB master mold to produce a microchannel on the polymer; it was clamped with two polymethyl methacrylate (PMMA) plates to form a microfluidic platform ( Fig. 1(j) ).
A colorimetric detection channel was built on the platform. A small hole (0.5 mm diameter) was drilled through the covered PMMA plate to form a flow-through detection channel of 10 mm path length. A thin PDMS sheet was put on the hole to seal the channel, and clamped with another PMMA plate, which was attached with a LDR light sensor (TO-18 Photocells, Silonex, USA). A 5-mm hole was also drilled on another PMMA plate at the same alignment as the detection channel so as to accommodate a LED light source (RL5-V1015 Violet LED, Super Bright LEDs Inc., USA). The electronic circuit of the colorimeter is shown in Fig. 2 . The signal from the LDR sensor was zero offset, and amplified by operational A and B, respectively. A LED with an emission peak at 420 nm and the peak width at a half maximum of 20 nm was used as a light source. The signal from the colorimeter was amplified and recorded by a computer employing a home-made data-acquisition unit. 20 
Microfluidic FI setup and procedure for the determination of GSH
A schematic diagram of the microfluidic FI setup is shown in Fig. 3 . It consisted of a peristaltic pump (ISM 796 B, Ismatec, Switzerland), a six-port injection valve (KJ 701, Upchurch, USA), a microfluidic platform (as described above), a LED-LDR colorimeter, an amplifier and data-acquisition unit and a personal computer. The LED light source and the LDR light sensor were attached onto the microfluidic platform, forming a flow cell of 10 mm path length, as described above. A carrier solution (PBS) and DTNB reagent were flowed at a flow rate of 200 μL min -1 each. A standard or sample solution (5 μL) was injected into the carrier stream, which flowed to merge with a 2 mM DTNB reagent solution at the confluence point in the microfluidic platform. A colored product was produced, and the intensity of the color could be monitored by a simple LED-LDR colorimeter and recorded as a FIA profile on a computer. The peak height of the FI profile was directly proportional to concentration of GSH, and could be used to construct a calibration graph for the determination of GSH in a sample that was injected into the system under the same condition as the standard.
Sample preparation
Dietary supplement samples were purchased from a local supermarket. Samples in the solution forms were prepared by appropriate dilution with water. Tablet and capsule samples were dissolved in water, and filtered through Whatman #1 filter paper. The prepared sample solutions were then injected into the system.
Determination of GSH by a batch-wise spectrophotometric method
First, 1.5 mL of 20 mM DTNB was added into a 10.00-mL volumetric flask. Then, different volumes of the 1000 mg L -1 GSH standard solution were added into the volumetric flasks, i.e., 0.01, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mL and diluted to the mark with PBS to obtain solutions of 1, 3, 5, 10, 20, 30, 40, 50 and 60 mg L -1 GSH, respectively. Standard and sample solutions were detected by a UV-Vis spectrophotometer (UV 1800, Shimadzu, Japan) at 420 nm.
Results and Discussion
Cost-effective approach for fabricating a microfluidic platform
A simple and inexpensive method for fabrication a PDMS microfluidic platform was investigated, as described above. The effect of the exposure time of light through the photomask to the photoresist attached PCB was studied. It was indicated that a 20-min exposure time could be selected, since it provided a well-defined pattern (sharp line and non breakage of the copper line) on the PCB. The depth of the PDMS microchannel was dependent on the thickness of the copper layer (approximately 120 μm in this work). Although the width of the microchannel could be made as small as 50 μm on the PCB master mold, the line width of 250 μm was designed in order to reduce the back pressure when the channel was assembled as a micro flow injection analysis, for which a peristaltic pump was used to propel the solution. The strength of PDMS was important to withstand a pressure, because the PDMS sheet was not chemically bonded to the PMMA block, but was clamped with two PMMA blocks with a nut and a bolt, tightened to form a microfluidic platform. The PDMS sheet was tested for its strength using a hardness tester. The effect of the curing-agent content on the strength of the PDMS was investigated. It was observed that the curing-agent content affected the strength of the PDMS sheet. A too soft or too hard PDMS sheet resulted in leakage of the solution from the channel network. This was because a too soft PDMS sheet could not sufficiently withstand the pressure from clamping, and a too hard PDMS sheet was not flexible enough to seal the channel. A PDMS of suitable strength (about 53.1 shore A) was obtained from the ratio of the PDMS to the curing agent (10:1.4).
Optimization of microfluidic FI colorimetric detection for the determination of GSH
GSH could be determined spectrophotometrically by reacting with Ellman's reagent or DTNB. GSH is oxidized by DTNB to form 2-nitro-5-thiobenzoic acid (TNB) and glutathione disulfide (GSSG). TNB in the thiolate anion form is a yellow-colored product, which has its maximum absorption at a wavelength of 420 nm with a molar absorption coefficient of 12851 L mol -1 cm -1 . Using the microfluidic system (Fig. 3) , the effects of various parameters were investigated. The preliminary conditions were as follows: a DTNB concentration of 3.0 mM, a phosphate buffer concentration of 100 mM, a buffer pH of 7.0, a sample volume of 5.0 μL and a flow rate of each stream of 200 μL min -1 . The flow rate of the carrier stream and the reagent was varied from 200 to 500 μL min -1 , and a decrease in the sensitivity was noticed with increasing the flow rate. Thus, a flow rate of 200 μL min -1 each of both lines was selected, since a high sensitivity was achieved. A low flow rate also consumed less reagent volume, even though high a throughput of 48 injections per hour was obtained.
The effect of the injection volume was investigated by changing the length of the sample loop to obtain 5 -10 μL volume. The results indicated that the sensitivity slightly increased, and a broader peak was observed, probably owing to the effect of dispersion with increasing the injection volume.
Thus, an injection volume of 5 μL was selected.
The effect of the DTNB concentration was investigated in the range of 0.2 -3.0 mM. A series of GSH standard solutions (5 -50 mg L -1 ) were injected into the system, and a calibration graph was constructed for each DTNB concentration. A plot of the slope of the calibration graph versus the concentration of DTNB is depicted in Fig. 4 . It was found that 2 mM DTNB gave the highest sensitivity, so it was selected for further studies. The linearity of all calibration graphs was comparable with r 2 of higher than 0.9960.
The effect of the concentration of a phosphate buffer solution was studied in the range of 1 -200 mM, while all other parameters were kept constant, as described above. A calibration graph for each buffer concentration was constructed by plotting the peak height obtained versus the concentration of GSH in range of 5 -50 mg L -1 . The slopes of the calibration graph were plotted against the PBS concentration (Fig. 5) . It was found that the sensitivity slightly increased with an increase of the PBS concentration, and then leveled off at a PBS concentration higher than 150 mM. A PBS concentration of 150 mM was chosen, since it provided good sensitivity and precision.
The effect of the pH of PBS was investigated in the range of 7.0 -7.4 by injecting a series of GSH standard solutions (5 -50 mg L -1 ). It was found that the slope of the calibration graphs using PBS in this pH range was not significantly different; thus, a PBS pH of 7.2 was selected. 
Analytical characteristics
Under the optimum conditions, a series of standard GSH solutions were injected into the system, resulting in FIAgrams ( 
Application to dietary supplement samples and a recovery study
The developed method was applied to different types (solution, tablet and capsule) of supplement samples. Each sample was prepared as described above to obtain a solution to be injected into the system. FIAgrams of the samples are also shown in Fig. 6 . The content of GSH in the sample was evaluated from the calibration graph (Table 1 ). The determination of GSH by a batch-wise UV-Vis spectrophotometric method was also carried out for a comparison. The results obtained from both methods were not significantly different at the 95% confident level (tcalculated = 0.768, ttable = 2.122). A good correlation between the results (y = 1.1609x + 0.0036, r 2 = 0.9915) was obtained. The developed method consumed small amounts of the sample and the reagent, and had a high sample throughput. In some kinds of sample, which may contain substances, such as protein and enzyme with thiol group residue in the molecule, positive interference may occur due to the reaction of this residue with the DTNB reagent. In such a case, appropriate sample preparation is needed. However, these substances are not present in supplement sample, and dilution of the sample has been carried out so that it decreases the effect of interference. In this research, samples of different types (solution, tablet and capsule) were subjected to a recovery study by spiking different contents of the GSH standard solution into the prepared sample solution. The solutions were injected into the system, and the percentage recoveries were calculated (Table 2) . Linear calibration graphs and standard addition graphs of the same slope were obtained for all types of samples, indicating that there was no effect of sample matrices.
Conclusion
A simple and inexpensive procedure to fabricate a PDMS microfluidic platform for the miniaturized FIA system has been introduced. The commercially available PCB is used for constructing a master mold for soft lithography. A microfluidic channel pattern is made on PCB by the conventional photolithographic method used for making a PCB circuit, with the aid of a sticky photoresist dry film. This method of fabrication can be reproduced in any laboratory. A compact detection system based on a LED-LDR colorimeter is integrated on the platform. The fabricated microfluidic platform is successfully applied for the flow-injection colorimetric determination of GSH, providing such advantages as fast analysis, low chemical consumption and low generation of a waste solution. It can be considered to be a green and environmentally friendly analytical technique. The proposed microfabrication procedure would be useful for the development of other miniaturized flow-based systems as well. 
